The mtPDC occupies a central point in cellular energy metabolism, linking glycolytic carbon metabolism with the citric acid cycle. Since the reaction catalyzed by mtPDC is irreversible, this represents the committed step of carbon entry into the citric acid cycle. Plants are unique in that, in addition to mtPDC, they contain a second isoform of PDC localized in plastids. This isoform is believed to be involved in the provision of acetyl-COA for fatty acid, isoprenoid, and amino acid biosynthesis (Camp and Randall, 1985) .
(EC 2.3.1.12), and E3 (EC 1.8.1.4) and their associated prosthetic groups, thiamine PPi, lipoic acid, and FAD, respectively. The E1 and E3 components are arranged around a core of E2. In contrast to the E2 and E3 components, which are single polypeptide chains, the E1 enzyme consists of two subunits, a and p. The precise roles of the two subunits are as yet unclear. Another subunit, termed component X or the E3-binding protein (De Marcucci and Lindsay, 1985; Maeng et al., 1994) , is thought to play a role in attaching E3 to the E2 core. E1 kinase and phosphopyruvate dehydrogenase phosphatase are associated regulatory subunits. E3 is also a component of other multienzyme complexes, including Gly decarboxylase and 2-oxoglutarate dehydrogenase (Carothers et al., 1989) . mtPDC has been purified from broccoli (Rubin and Randall, 19771 , and immunological studies of the subunit composition of the mitochondrial and chloroplast enzymes in pea have revealed that plant mtPDC contains subunits corresponding to those characterized in the mammalian complex. In addition, the mitochondrial and chloroplast subunits appear to be immunologically distinct (Camp and Randall, 1985; Taylor et al., 1992) . mtPDCs and chloroplast PDCs also show a number of distinct kinetic properties, and they have different substrate specificities, pH optima, and Mgz+ requirements (Miernyk and Randall, 1987) . The chloroplast enzyme has not been characterized at the molecular level; therefore, the nature of the subunits and whether they are encoded by distinct nuclear genes remains unclear.
The key position of mtPDC in metabolism is emphasized by its complex regulatory properties. The activity of the mitochondrial isoform of the E l a subunit is known to be controlled both by product inhibition and by reversible phosphorylation. The pea leaf mitochondrial enzyme has been shown to undergo light-dependent inactivation, which is mediated by phosphorylation of the Ela subunit (Geme1 and Randall, 1992) . This inactivation provides a mechanism to regulate or limit carbon entry into the tricarboxylic acid cycle during the oxidation of Gly during photorespiration. In contrast, the chloroplastic enzyme is ap-Plant Physiol. Vol. 108, 1995 parently not regulated by phosphorylation (Camp and Randall, 1985) .
Although there is evidence of fine regulation of mtPDC activity, there is also evidence that the maximum catalytic activity may vary developmentally. We have shown that in cucumber cotyledons during early seedling development there is an increase in the capacity for mitochondrial pyruvate oxidation (Hill et al., 1992) . Recently. this increase has been shown to be caused, at least in part, by an increase in the capacity of the mitochondrial pyruvate transporter (Hill et al., 1994) . However, in the latter study, evidence is also provided that suggests that the capacity for pyruvate oxidation increases transiently during germination. This suggests that the activity of mtPDC may vary developmentally.
In this study our aim was to characterize the Ela! subunit of mtPDC at the molecular leve1 by isolating and sequencing cDNAs to evaluate the relationship between changes in gene expression and enzyme activity during postgerminative growth in seedlings.
MATERIALS AND METHODS

PCR using Degenerate Primers
PCR reactions were carried out using the method of McPherson et al. (1991) and product was purified using Geneclean (Stratech Scientific, Luton, UK) according to the manufacturer's instructions. The PCR template was cucumber single-strand cDNA synthesized using mRNA isolated from cucumber cell suspensions as template.
lsolation of cDNAs and DNA Sequencing
A Solanum tuberosum L. cv Desiree (potato) leaf cDNA library in AZAPII (Stratagene) was screened with DNA probes prepared using the random-priming method (Feinberg and Vogelstein, 1983) . Library screening was carried out using Hybond-N filters (Amersham) according to manufacturer's instructions. Positive clones were plaque purified and pBluescript plasmids were obtained following in vivo excision according to the manufacturer's instructions (Stratagene).
DNA sequencing was carried out on both strands with a T7 DNA polymerase sequencing kit (Pharmacia) using a combination of subclones and oligonucleotide primers. Compressions were resolved using deaza nucleotides (Pharmacia). Sequence analysis was carried out using the UWGCG computer programs (Devereux et al., 1984) .
Cenomic Southern Blot Analysis
Total DNA was isolated from potato (cv Desiree) and cucumber (Cucumis sativus var Masterpiece) leaves essentially as described by Draper and Scott (19881, except alumina was not added at the grinding stage. Approximately 10 pg of DNA were digested with the appropriate restriction enzyme, and the fragments were separated by electrophoresis on a 0.8% (w/v) agarose gel. The DNA was then transferred to Hybond-N membrane (Amersham). DNA probes were labeled using the random-priming method (Feinberg and Vogelstein, 1983) . Prehybridization was carried out at 65°C for a minimum of 4 h in 3X SSC, 5X Denhardt's solution, 1% (w/v) SDS, 0.1% (w/v) Na PPi, and 200 pg mL-l denatured salmon sperm DNA; hybridization was carried out in the the same solution containing 10% (w/v) dextran sulfate at 65°C overnight. Filters were washed twice in 3X SSC, 1% (w/v) SDS, and 0.1% (w/v) Na PPi for 15 min and then twice in 0.1X SSC, 1% (w/v) SDS, and 0.1% (w/v) Na PPi at 65"C, dried, and autoradiographed.
Northern Blot Analysis
Total RNA was isolated from potato tissues according to the method of Gurr and McPherson (1991) . Approximately 10 p g of total RNA were separated by electrophoresis on a 1.3% (w/v) agarose gel containing 1.2 M formaldehyde and transferred to a Nytran membrane (Schleicher & Schuell). Cucumber seedlings were grown in the light as described by Hill et al. (19921, and tissue was harvested into liquid nitrogen. Total RNA was isolated from 10 cucumber cotyledons and resuspended in 100 pL of distilled water; 1 pL was loaded on the gel. DNA probes were labeled using the random-priming method (Feinberg and Vogelstein, 1983) . Following transfer, filters were prehybridized at 65°C in 5X SSC, 5X Denhardt's solution, 1% (w/v) SDS, 0.1% (w/v) Na PPi, and 200 p g mL-l denatured salmon sperm DNA for a minimum of 4 h and hybridized overnight in the same solutions containing 10% (w/v) dextran sulfate. The filters were then washed in 3 X SSC, 1% (w/v) SDS, 0.1% (w/v) Na PPi, twice for 15 min, and then 1 X SSC, 1% (w/v) SDS, and 0.1% (w/v) Na PPi for 15 min at 65"C, dried, and autoradiographed.
Measurement of mtPDC Activity in Cucumber Cotyledons
Mitochondria were isolated from light-grown cucumber cotyledons as described previously (Hill et al., 1992) . mt-PDC activity was assayed using the method of Budde et al. (1988) .
Western Blot Analysis using Human E1 a Antibody
Cucumber seeds were germinated in the light, and mitochondria were isolated from 100 cotyledons harvested at daily intervals as described by Hill et al. (1992) . Protein was resuspended in a volume of 200 pL, and 20 pL were separated on 15% (w/v) SDS polyacrylamide gels (Laemmli, 1970) . The yield of mitochondria from these stages of development has been shown to be relatively constant at 10 ? 2% (Hill et al., 1992) . The proteins were blotted onto a polyvinylidene difluoride membrane in electrophoresis buffer containing 20% (v/v) methanol. The membrane was then incubated for 3 h in buffer (10 mM Tris-HC1, pH 8.0, 0.9% [w/vl NaCl, 0.5% [w/v] Tween-20, 5% [w/vl nonfat, dried milk [Marvel, Premier Brands UK, Ltd., Stafford, UK]); this buffer was used in a11 subsequent steps. The membrane was incubated overnight with human affinitypurified E l a antibody, 1:lOOO dilution (Wicking et al., 1986 ), then washed, incubated for 2 h with an alkaline phosphatase-conjugated goat anti-rabbit second antibody, 1:5000 dilution, and washed. Tropix Western-Light Chemiluminescent Detection System (Stratech Scientific) was used to detect E l a protein.
RESULTS AND DISCUSSION lsolation of cDNAs Encoding the E l a Subunit of the mtPDC
To clone the E l a subunit of mtPDC from plants we used a PCR-based approach, since cDNA sequences were available from a number of nonplant sources that contained highly conserved regions. The amino acid sequences of human, nematode, and Saccharomyces cerevisiae E1 a subunits were aligned, and two highly conserved regions were identified: Tyr-Gly-Gly-Asn-Gly-Ile-Val-Gly-Ala-Gln and His-Ser-Met-Ser-Asp-Pro-Gly. The latter sequence corresponds to phosphorylation site 1 in mammalian proteins (Yeaman et al., 1978) . Degenerate PCR primers corresponding to these sequences, TA(C/T)GGIGGIAA(T/C)GGI-ATIGTIGGIGC(A/C/G/T)CA (primer 1) and ICCIGG-
(A/G)TC(A/G)(G/C)(A/T)CAT(A/T)(C/G)(A/T)(A/G)T-
G (primer 2), were synthesized. PCR reactions were carried out using single-strand cDNA prepared from cucumber poly(A)+ RNA. The product of approximately 400 bp was purified and subcloned into pBluescript and sequenced. The sequence was found to be highly similar to that of other E l a subunits (data not shown).
To isolate full-length cDNA clones, the cucumber PCR product was used to screen both a cucumber cotyledon cDNA library and a potato leaf cDNA library. The screening of the cucumber library proved unsuccessful; however, severa1 positive clones were obtained from the potato library. These clones were partially sequenced at either end, and the longest clone (of approximately 1.5 kb) with sequences corresponding to the E l a subunit was selected and fully sequenced on both strands. Figure 1 shows the DNA and derived amino acid sequence of the isolated clone. Figure 2 shows a comparison of the predicted amino acid sequence of the potato E l a subunit, described in this paper, with bacterial, yeast, nematode, and mammalian proteins. Table I shows the percentage identities and similarities between the sequences obtained using the GAP program of the UWGCG package (Devereux et al., 1984) . The potato cDNA is 1541 nucleotides in length and encodes an open reading frame of 391 amino acids (Fig. 1 ). There is a 5' untranslated region of 49 nucleotides, which contains a T-rich region at the extreme 5' end and a 3' untranslated region from nucleotides 1223 to 1516, which contains potential polyadenylation signals at nucleotides 1241 to 1296 and 1453 to 1458 (Dean et al., 19861 , followed by a poly(A) tail of 25 nucleotides. Severa1 clones were sequenced that were identical except for the position of the poly(A) tail, indicating the use of alternative polyadenylation signals. The region spanning the start of translation has 9 of 12 residues, including the AUG start codon, in common with the plant start site consensus TAACAA AUGGCT as defined by Joshi (1987) . The predicted molecular weight of the polypeptide encoded by the cDNA is 43,228.
The predicted amino acid sequence shows that the extreme N-terminal region is rich in basic and hydroxylated amino acids and can be predicted to fold into an amphiphilic helix, which are characteristics of mitochondrial targeting signals (von Heijne, 1986) . The size of the presequence is not known because the protein sequence of the native protein that would define the processing site is not available. Moreover, it is not possible to predict the size of the presequence by comparison with sequences from other organisms because there is little or no homology in primary sequence or size of presequences. In other organisms, the E l a presequences range in length from 25 to 33 amino acids. Overall, the predicted amino acid sequence of the plant protein is very similar to the corresponding yeast and mammalian proteins. However, regions that show divergente include the N terminus, which constitutes the mitochondrial targeting sequence, the C-terminal region, and also an interna1 region of the protein, unique to the plant protein, consisting of two Lys residues (amino acids 157 and 158). Another potato cDNA clone encoding the E l a subunit was isolated and partially sequenced. It is highly similar to the one presented in this paper, but it shows some single nucleotide substitutions, indicating that it may be an isoform. The Lys dipeptide sequence is also present in this clone. Three phosphorylation sites have been characterized in mammalian PDC E1 a subunit. Phosphorylation at just one of these Ser residues (site 1) results in inactivation of the enzyme (Yeaman et al., 1978) . The plant sequence at site 1 is conserved; however, the specific phosphorylation sites remain to be identified experimentally in the plant protein. [Johnson et al., 19921) , mouse (Fitzgerald et al., 1992) , and human (Dahl et al., 1990 ) using the GAP program of the UWGCG package (Devereux et al., 1984) . Consensus phosphorylation sites determined for the mammalian polypeptides (Yeaman et al., 1978) are indicated by 1, 2, and 3 below the human sequence.
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Gene Complexity in Potato and Cucumber
steady-state levels in different potato tissues. Total RNA To assess the number and complexity of genes encoding the E l a subunit, genomic DNA was isolated from potato and cucumber leaves and analyzed by S o u t h e r n blotting.
Filters containing potato DNA were probed with the entire potato cDNA clone. The potato clone clone contains one KpnI site (nucleotide 919) but no EcoRI, BamHI, or HindIII site. Filters containing cucumber DNA were probed with the cucumber PCR product. Figure 3 , A and B, shows the autoradiographs obtained for potato and cucumber, respectively. This analysis reveals a complex pattern of hybridization in potato, indicating the presence of a small gene family or complex gene structure. In cucumber, a relatively simplr pattern was observed, indicating the presente of one or two genes. isolated from leaves, flowers, and tubers was probed with the the entire potato E l a clone. The resultant autoradiograph (Fig. 4) shows a single hybridizing band at a p p r o ximately 1.6 kb in a11 tissues. The highest levels were found in floral tissue, which may correlate with the high respiratory requirements of flowers (Lyndon and Francis, 1984) . Similar high-leve1 mitochondrial gene expression has been found in floral tissue (Monéger et al., 1992; Smart et al., 1994) . However, caution needs to be exercised when interpreting such data, because the variation in steady-state mRNA levels may not reflect changes in enzyme activity (ap Rees and Hill, 1994) . For this reason we chose to use postgerminative cucumber cotyledons as a system in which to study E l a gene expression.
It had previously been shown that the mitochondrial capacity for oxidation of internally derived pyruvate increases transiently during cotyledon development, showing maximum levels between 4 and 5 d postimbibition (Hill et al., 1994) . To establish whether this is due to change in
E1 a Gene Expression
To investigate whether the steady-state transcript levels of E l a showed tissue-specific variation we measured the Table 1 . A comparison of the percentage identities (second number) and percentage similarities (first number) obtained when the predicted amino acid sequences of Ela subunits from different sources are compared using the GAP program (Devereux et a/., 1984) cerevisiae (Behal et al., 1989) , A. suum (Johnson et al., 1992) , mouse (Fitzgerald et al., 19921, and human (Dahl et al., 1990) .
Sequences compared are the potato sequence described in this paper and the sequences from 5. stearothermophilus (Borges et al., 1990) the activity of mtPDC, we measured the activity of the enzyme in mitochondria isolated from cotyledons. These results, shown in Figure 5A , demonstrate that there is a transient increase in mtPDC activity. The maximum activity occurs 4 to 5 d postimbibition and thus correlates with the observed peak in the capacity for pyruvate oxidation (Hill et al., 1994) . The increase in mtPDC activity could represent de novo synthesis of the protein or changes in the activation state. We therefore estimated the amount of El a subunit present in isolated mitochondria by western blotting using an affinitypurified polyclonal antibody raised against the human protein. The results are shown in Figure 5B growth has been shown to be relatively constant (Hill et al., 1992) , and given that the number of cells is constant (Becker et al., 19781, these To examine whether the increase in Ela subunit protein levels was due to changes in transcription, we measured the steady-state levels of E 1 a transcript in cotyledons. Total RNA, isolated at daily intervals following germination, was analyzed by northern blot analysis as shown in Figure  5C . As mentioned above, it has been demonstrated that in the period of postgerminative growth of cucumber cotyledons the number of cells remains constant (Becker et al., 1978) . The amount of extractable RNA varies during this period of development, as described by Smith and Leaver (1986) . For the purposes of this experiment, RNA was loaded on the gel on a per cotyledon basis rather than in equal amounts to compare transcript levels from an equivalent number of cells. A single band of 1.6 kb becomes apparent at d 1 and increases to a maximum at d 2; this is followed by a rapid decline. On longer exposure of the filter, low levels of transcript could also be detected at d O, 4,5, and 6 (data not shown). Therefore, there is a transient accumulation of mRNA that precedes the accumulation of Ela protein and mtPDC activity. This provides evidence consistent with regulation of the E l a gene at the level of transcription and/or RNA stability during the period of postgerminative growth in cucumbers.
The transient increase in mtPDC activity occurs at a stage in development when the capacity of the mitochondrial pyruvate transporter is low (Hill et al., 1994) . Consequently, the substrate for this reaction must be generated within the mitochondria. During development, the activity of the mitochondrial NAD+-dependent malic enzyme also shows a transient increase in activity, with the maximum being observed 4 to 5 d postimbibition (S.A. Hill, unpublished results), so that pyruvate could be generated within the mitochondria from malate. The latter is the product of lipid breakdown in the cotyledon. The increases in mtPDC and NAD+-dependent malic enzyme correlate with the development of the photosynthetic apparatus that occurs in the cotyledons between 4 and 6 d postimbibition (Hill et al., 1992) . We propose that these increases in enzyme activities function to divert the products of lipid breakdown from sugar synthesis into the citric acid cycle. Citric acid cycle intermediates are required for the biosynthesis of precursors involved in chloroplast biogenesis.
CONCLUSIONS
In this paper we present the sequence of a potato Ela subunit cDNA from mtPDC. To our knowledge, this is the first putative full-length Ela clone from a plant source. We have carried out northern blot analysis that shows that mtPDC E l a is differentially expressed both spatially and temporally. In the case of cucumber cotyledons during early seedling growth, we have also shown that a transient peak in mRNA accumulation precedes an increase in E l a protein levels, which is accompanied by a transient increase in mtPDC activity. We propose that regulation at the level of transcription and/or RNA stability plays a role in determining mtPDC activity. This may also determine the capacity of the citric acid cycle during postgerminative growth in cucumber cotyledons. This "coarse" regulation of enzyme activity may then be further modulated by changes in mtPDC activation state, allowing continuous adjustment of the citric acid cycle flux to meet cellular demands for energy and biosynthetic intermediates.
